The routine isolation and culture of human breast cancer cells from patient samples has been a goal of breast cancer cell biologists for over 30 years. Despite extensive work in this area and the development of many human breast cancer cell lines, the proportion of patient samples that give rise to immortalized breast cancer cell lines is still disappointingly low. The majority of human breast cancer cell lines that have been established were isolated many years ago and have been grown continuously under poorly defined culture conditions. These cell lines have been useful for studies of the estrogen receptor biology in human breast cancer cells, in identifying growth factors synthesized by breast cancer cells, and for the characterization of genetic alterations in oncogenes and tumor suppressor genes present in these cells. More recently, tissue culture methods have improved, resulting in the ability to culture routinely normal human mammary epithelial cells of specific lineages and this has resulted in the development of new human breast cancer cell lines. The ability to isolate and culture normal and neoplastic human mammary epithelial cells under similar culture conditions has improved these models dramatically and has resulted in the identification of altered cellular phenotypes of human breast cancer cells. Despite the relative lack of success with the development of culture models involving primary human breast cancer (HBC) 2 cells, we have learned a great deal about human mammary epithelial cell biology and transformation using cell culture model systems that have been developed over the past I0 years. This has been largely the result of striking improvements in culture of normal human mammary epithelial (HME) cells that have led directly to improved model systems of HBC cell growth. However, progress in this area is still far from complete. In this review, the in vitro model systems for the study of human breast cancer cell biology developed and used since the isolation of the first human breast cancer cell lines will be 2 Abbreviations: EGF, epidermal growth factor; ER, estrogen receptor; HBC, human breast cancer; HME, human mammary epithelial; PgR, progesterone receptor; TGF-et, transforming growth factor-alpha.
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~TRODUCTION
Over 20 years ago, Herbert Soule opened his paper describing the isolation of the MCF-7 human breast cancer cell line with the statement, "Attempts to cultivate long-term differentiated epithelial cell cultures from human breast tumors have met with only limited success." He went on to describe difficulties with fibroblast overgrowth, death of cancer cells in primary culture, and failure of the tumor cells to divide after subculture, all of which limited the isolation and establishment of human breast cancer cell lines (1) . Unfortunately, one could write strikingly similar words today, as many of the same problems discussed by Soule and others have not been completely resolved.
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Despite the relative lack of success with the development of culture models involving primary human breast cancer (HBC) 2 cells, we have learned a great deal about human mammary epithelial cell biology and transformation using cell culture model systems that have been developed over the past I0 years. This has been largely the result of striking improvements in culture of normal human mammary epithelial (HME) cells that have led directly to improved model systems of HBC cell growth. However, progress in this area is still far from complete. In this review, the in vitro model systems for the study of human breast cancer cell biology developed and used since the isolation of the first human breast cancer cell lines will be 2 Abbreviations: EGF, epidermal growth factor; ER, estrogen receptor; HBC, human breast cancer; HME, human mammary epithelial; PgR, progesterone receptor; TGF-et, transforming growth factor-alpha. during the first few days of culture discussed. The progress that has been made in our understanding of HBC cell biology using these systems will be reviewed and the various strengths and weaknesses of these model systems will be assessed (see Table I for a summary).
ESTABLISHMENT OF HBC CELL LINES WITH UNDEFINED CULTURE MEDIA
Before 1970, there had been only sporadic reports of cell lines isolated from human breast cancer specimens (2, 3) . In 1973 the isolation of both the MCF-7 and SkBr-3 cell lines was repotted (1, 4) . In 1974 Cailleau et al. (5) described an extensive attempt to systematically develop human breast cancer cell lines from pleural effusion metastases. These workers turned to pleural effusions as a source of human breast cancer cells after failing to develop a single human breast cancer cell line from over 200 primary tumors. They reasoned that pleural effusions might be a better source of cells than primary tumors since they often consist of large numbers of cancer cells that are relatively free of fibroblasts and because serial samples can sometimes be obtained from individual patients. The tissue culture methods used by Cailleau and co-workers were typical of the culture conditions used by most laboratories at that time. A basal medium such as Leibovitz' L-15 was used and supplemented with either 10% or 20% fetal bovine serum in the presence or absence of effusion fluid from the patient sample, and the cells were grown on glass dishes. In the course of their studies, these investigators observed that the breast cancer cells attached poorly to the glass surface, but the continued passage of free-floating cells led directly to the development of several of the MDA-MB cell lines. Despite their systematic approach, these workers succeeded in establishing cell lines from only about 10% of the pleural effusion specimens obtained. This success rate has not been significantly improved upon in the intervening 20 years.
The MCF-7 cell line developed by Soule and coworkers (1), isolated in much the same way as the MDA-MB lines, possessed two characteristics that made it a particularly exciting model for human breast cancer biology. First, the cells expressed estrogen receptors (ER) in vitro. These receptors were functional in that estrogen treatment resulted in up-regulation of progesterone receptor (PgR) mRNA and protein (6) . Second, inoculation of MCF-7 cells into immuno-deficient mice resulted in development of progressively growing tumors, but only if the animals were treated with estrogen pellets (7) . Thus, the MCF-7 cell line became the first model of estrogen-dependent human breast cancer.
The discovery that MCF-7 cells are estrogendependent for growth in vivo led to many studies aimed at understanding the mechanisms by which estrogen promotes cell growth as well as the mechanisms by which breast cancer cells become estrogen-independent. A thorough review of the literature on this subject is beyond the scope of this review; however, a few major points can be addressed here. Most studies on the role of estrogen in MCF-7 growth focused on the question of whether the hormone acted as a direct mitogen or whether it promoted growth by an indirect mechanism. Support for the "indirect" hypothesis came from the observation that MCF-7 cells do not have the same estrogen requirement for growth in vitro as they do in vivo. Indeed, these cells were shown to proliferate in serum-free medium and under these conditions have no requirement for or response to exogenous estrogens (8) . Subsequently, it was discovered that phenol red, present in culture medium as a pH indicator, has weak estrogenic activity (9) . It was suggested that the phenol red in the culture medium accounted for the lack of response of these cells to exogenous estrogen. Indeed, most investigators who study estrogen effects with MCF-7 cells and other ER-positive human breast cancer cell lines now grow the cells in phenol red-free medium. Under these conditions a consistent response to exogenous estrogens can be detected, particularly when cells are cultured in the presence of charcoalstripped serum (10) (11) (12) (13) (14) . Nevertheless, MCF-7 cells have the capacity for continuous proliferation in the absence of exogenous estrogen when cultured in phenol red-free medium in the presence of charcoalstripped serum. Thus, these cells are estrogen-responsive in vitro and estrogen-dependent for growth in vivo.
One hypothesis that emerged from these studies was that polypeptide growth factors synthesized by breast cancer cells in response to estrogen mediate the mitogenic effects of estrogen by an autocrine mechanism. A number of factors have been proposed to act as estromedins, including transforming growth factorec, insulin-like growth factors-I and -II, and other less well-defined factors (t5, 16) (reviewed in refs. 17 and 18) . However, transfection of MCF-7 cells with various growth factor genes does not make them estrogenindependent for growth in vivo (19) . While it is clear that the TGF-cx gene is estrogen-responsive and is upregulated by exogenous estrogen (13, 14, 20) , the observation that most ER-positive human breast cancers do not express the EGF receptor, and are therefore unresponsive to TGF-oL, suggests strongly that this growth factor cannot directly mediate the growth promoting effects of estrogen in human breast cancer cells (21) (22) (23) .
More recent work indicating that estrogen stimulation induces genes that block programmed cell death in breast cancer cells point to an alternative mechanism of estrogen action in MCF-7 cells (24). Thus, it is possible that, in vivo, estrogen is necessary to prevent breast cancer cells from undergoing programmed cell death and this may account for the lack of tumor development in vivo in the absence of estrogen.
Clearly the development of the MCF-7 cell line and other ER-positive HBC cell lines has had a profound impact on our understanding of the role of estrogen in human mammary carcinogenesis. Despite the fact that our understanding of the role of estrogen in this process is incomplete, experiments using these model cell lines have provided valuable data in a number of areas. The cloning of the ER gene and the molecular analysis of this gene in human breast cancer cell lines has led to a new understanding of the function of the ER in various human breast cancer specimens. For example, it is now known that the estrogen receptor gene can undergo mutations and rearrangements that modify its ability to bind tigand, bind to DNA, and induce new gene transcription. This has helped to explain why some breast cancers are ER-positive yet do not respond to antiestrogen therapy, and why there is discordance in some breast cancer specimens between ER expression and PgR expression. Thus, some breast cancers are ER-negative, but PgR-positive. This unusual phenotype can result from an ER that does not bind ligand, but constitutively activates the PgR gene. Such tumors are unlikely to be responsive to antiestrogen therapy. Similarly, some breast cancer cells can express a dysfunctional ER that binds ligand, but does not activate gene transcription. These cells are clinically ER-positive, but functionally estrogen-independent for growth and will also be refractory to antiestrogen therapy (25, 26) .
The isolation of ER-negative HBC cell lines has also yielded important discoveries. The family of growth factors now collectively known as the heregulins or neuregulins were originally discovered in conditioned medium of MDA-MB-231 cells (27) (28) (29) . Other cell lines have been useful for studies of putative oncogenes and tumor suppressor genes such as the erbB family of protooncogenes and the p53 gene, and have improved our understanding of the role that these genes play in the malignant behavior of HBC cells (30) .
As discussed above, MCF-7 and other cell lines in routine use today have enhanced our understanding of HBC biology. However, these model systems have significant drawbacks. First, the majority of the available HBC cell lines originated from late-stage metastatic specimens. Thus, studies of human breast cancer at the cellular and molecular level have been limited to the very latest stages of disease progression. We still know very little about the biology of HBC cells that constitute primary tumors. In addition, cell lines that are in routine use came from a small subset of metastatic samples, suggesting that we may be studying only the most aggressive subpopulations of breast cancer cells. Finally, with the exception of a small number of cell lines to be discussed subsequently, most HBC cell lines are routinely cultured under undefined conditions and have been serially passaged for many years. The lack of definition of culture conditions precludes an in-depth understanding of exogenous factors that regulate HBC cell proliferation. Furthermore, the fact that these cells undergo significant phenotypic changes with long-term passage adds another important caveat regarding these cells as models of human breast cancer cell proliferation. From our own experiences with establishing human breast cancer cell lines, it is clear that breast cancer cells continue to evolve in vitro and cells beyond passage 50 are phenotypically very different from early passage cells. There is no reason to believe that the changes that occur in vitro mimic the changes that occur in vivo, as the selection pressures are likely to be very different. Thus, one has to interpret with caution results obtained from experiments with high-passage human breast cancer cell lines.
DEVELOPMENT OF IMPROVED CULTURE METHODS FOR NORMAL AND NEOPLASTIC HUMAN MAMMARY EPITHELIAL CELLS
The modest success in developing good in vitro models of human breast cancer cell proliferation prompted several groups to take an alternative approach to this problem by developing culture systems for normal human mammary epithelial cells. The overriding assumption made by most investigators who took this experimental approach was that normal human mammary epithelial cells would be more difficult to propagate in vitro than cancer cells. This entirely reasonable assumption turned out to be false and it is now quite clear that normal human mammary epithelial cells are much easier to grow in vitro than are breast cancer cells. Indeed, with current cell culture technology it is possible to culture normal mammary epithelial cells of both luminal and basal-myoepitheliat lineages from virtually every patient sample.
Prior to 1980 there were only scattered reports of isolation and growth in vitro of normal HME cells and, in these cases, growth had been limited to a small number of cell doublings in primary culture (31-35). This field began to change dramatically with the work of Stampfer and co-workers (36) . These workers first developed an undefined medium that supported growth and serial passage of relatively pure cultures of HME cells. This "MM" medium consisted of conditioned medium from several human mammary epithelial and myoepithelial cell lines, 5% fetal bovine serum, as well as insulin, epidermal growth factor, and hydrocortisone. The medium was later improved with the addition of cholera toxin and a fibroblast feeder layer, which then supported clonal growth of normal HME cells (37) . The lack of definition of the culture medium was a disadvantage of this system and this problem was rectified by the development of a serum-free, conditioned medium-free culture medium that supported similar levels of normal HME cell growth. This medium, as reported by Hammond et al. (38) , contained pituitary extract as its only undefined component. However, cells could be cloned and grown for a limited number of passages by replacing the pituitary extract with prostaglandin E1 and prolactin.
Soon after the development of this culture system, other laboratories developed similar culture systems. We developed a serum-free medium to support longterm growth of normal rat mammary epithelial cells and later showed that this medium supported extensive proliferation of normal HME cells as well (39--41) . Our culture system differed from Stampfer's in several ways. First, we used Ham's F-12 as our basal medium as opposed to a 1:1 mix of DME and Ham's F-12 or MCDB 170. Additionally, HME cells were cultured on type I collagen-coated tissue culture dishes and our medium did not contain pituitary extract. This medium does contain bovine serum albumin, which represents an undefined component. Otherwise, the growth factor combinations that we employed were similar to those reported by Hammond et al. (38) and previously by Stampfer et at. (36) . Other variations of this medium were reported by Petersen and van Deurs (42) and Band et al. (43, 44) . Thus, by the late 1980s several cell culture systems had been developed that could support long-term growth of normal HME cells.
Over the next several years, these culture model systems were used by many investigators to pursue two general directions: a renewed attempt to isolate and culture human breast cancer cells from patient samples and induction of neoplastic transformation of normal HME cells by exposing them to carcinogenic agents in vitro. There was, however, an important problem with these culture systems that had an impact on the interpretation of results obtained with these model systems. It was clear that all of the cell culture media described above supported growth of mammary cells of epithelial origin. The proliferating cells expressed desmosomes and microvilli and had keratins as their intermediate filaments. But it was not known whether these media supported proliferation of all the mammary epithelial cell types present in the gland or if there was selection for a specific cell type or lineage. Insight into this problem came from the demonstration that different epithelial cell types express different keratin isoforms, and the development of monoclonal antibodies capable of distinguishing these keratin isoforms. Using these tools, Taylor-Papadimitriou et al. (45) demonstrated that mammary epithelium in vivo consists of basal and luminal cells that differ in their pattern of keratin expression. Further, they demonstrated that human breast cancer arises from luminal cells and that breast cancer cells uniformly express cytokeratin 19 in vivo. Importantly, all established HBC cell lines also express keratin-19 in vitro. These investigators then convincingly showed that HME cells that proliferate in the Hammond-Stampfer medium and others like it are uniformly keratin-19-negative, suggesting that they are derived from a lineage different from breast cancer cells. The cells that do proliferate under these conditions may have stem-cell-like characteristics, as they are sometimes positive for keratins-8 and -18 (also luminal cell keratins) and smooth muscle actin (a basal cell marker). Thus, although significant progress had been made in the development of in vitro models of normal HME cell growth, the inability to culture cells that express the same cytokeratins as breast cancer cells represented a significant problem.
~W ATTEMPTS AT ISOLATION OF HUMAN BREAST CANCER CELLS USING ENRICHED CULTURE MEDIA
The development of culture systems and media that support long-term growth of normal HME cells prompted renewed attempts to isolate and culture human breast cancer cells from primary tumor specimens. Initially there was great optimism that these cell culture methods had provided a breakthrough, as several laboratories successfully cultured HME cells from primary breast cancers. Furthermore, cells cultured in this way sometimes exhibited phenotypic differences that appeared to distinguish them from HME cells derived from reduction mammoplasty specimens (41) . However, cells isolated from breast cancers and cultured under these conditions exhibited other characteristics that suggested that they were not, in fact, breast cancer cells, but rather, normal HME cells that were present in the tumor specimen (46) (47) (48) . It was repeatedly found that cells cultured from tumor specimens did not give rise to immortalized cell lines, but rather lost proliferative capacity after several population doublings. Two possible explanations for this observation were that breast cancer cells are not immortalized, or that the culture media designed for growth of normal cells selected for normal HME cells present in the breast cancer specimens. Two subsequent observations demonstrated clearly that the latter hypothesis was correct. First, Wolman et al. (49) demonstrated that the cells that grew out of primary breast cancer specimens were uniformly diploid even when the cells of the uncultured tumor were aneuploid. Second, cytokeratin antibodies demonstrated that, like cells cultured from normal tissues, cells cultured from breast cancer specimens were uniformly keratin-19-negative (45) . Taken together, these results indicated that culture media that had been shown to stimulate rapid proliferation of normal HME cells from normal tissues also selected for the rapid growth of these cells from breast cancer specimens. This no doubt explains why cells cultured from breast cancer specimens did not express the immortalized phenotype.
The experiments described above prompted the initiation of experiments in our laboratory aimed at modifying culture conditions to selectively isolate and grow keratin-19-positive luminal cells in vitro. The underlying assumption for this work was that improvements in the culture of luminal HME cells would improve the frequency with which breast cancer cell lines could be isolated. We found that the simple addition of 5% fetal bovine serum to our enriched culture medium was sufficient to allow the emergence and continuous growth of luminal mammary epithelial cells that stained positively for keratin-19 ( Fig.  1) . Filter cloning techniques were used in conjunction with this medium to isolate and propagate pure cultures of keratin-19-positive HME cells. We then set out to use this medium to culture cells from primary human breast cancers or pleural effusion metastases. As with the normal tissues, this medium allowed routine isolation and serial propagation of keratin-19-positive HME cells from a very high proportion of human breast cancer specimens. However, as before, these cells uniformly had a finite proliferative lifespan in vitro. We then identified two primary tumor specimens with known genetic alterations: a p53 mutation in one and an erbB-2 amplification in the other. Keratin-19-positive colonies were isolated from these specimens and analyzed for the genetic alterations known to be present in the malignant cells. The cultured cells had normal p53 and erbB-2 genes, showing conclusively that they were derived from normal cells present in the specimen. Likewise, we were unable to isolate and culture human breast cancer cell lines from pleural effusion specimens using the medium that supports growth of normal luminal HME cells (50) . These results indicate clearly that the growth requirements of human breast cancer cells in vitro are dramatically different from those of normal HME cells and that even highly malignant HBC cells do not proliferate in medium that supports growth of normal luminal HME cells.
S U C C E S S F U L I S O L A T I O N OF HBC C E L L LINES USING E N R I C H E D CULTURE MEDIA
Despite the inability of the culture systems described above to yield consistent growth of HBC cells, three separate groups did report isolation of new human breast cancer cell lines using the kind of enriched culture media used to grow normal cells.
Petersen et al. (51) , using the culture medium developed in their laboratory, isolated a cell line designated HMT-3909S8. These cells were immortal, aneuploid, and expressed cytokeratins consistent with their origin from luminal mammary epithelial cells. Further, these cells were tumorigenic in nude mice. Despite this success, the authors were careful to point out that only this one cell line was obtained from a large number of biopsy specimens.
Similar results were reported by Band et al. (43, 52) , who isolated a series of cell lines from serial biopsy specimens from an individual patient. Two cell lines originated from the primary tumor (21NT and 21PT lines) and one line originated from a pleural effusion metastasis. The latter cell line was subcloned based on morphological differences, yielding two distinct cell lines designated 21MT-1 and 21MT-2. The development of these cell lines from the same patient represents the first in vitro model of human breast cancer progression. These cell lines vary in their relative tumorigenicity in nude mice and in the expression of an amplified erbB-2 gene in these cells. The progressive overexpression and activation of erbB-2 in these cell lines correlates with their increasing aggressiveness in vivo and their progressive growth factor independence in vitro. HBC cell lines were not established from other patient-derived samples using an identical approach.
Meltzer et al. (53) also isolated two human breast cancer cell lines using an enriched medium. As above, the cell lines were obtained from attempts with a large number of biopsy specimens.
Taken together, the results of the work described above indicate that use of defined media can result in the isolation of human breast cancer cell lines from a subset of breast cancer specimens. This suggests that specific subsets of breast cancer cells proliferate under certain culture conditions. This hypothesis is supported by the following evidence. First, all three groups reported the isolation of only one or two cell lines from attempts with many patient samples. Second, the cellular and molecular characteristics of the cell lines have important similarities. For example, all three of the media employed by these groups contained epidermal growth factor (EGF) and all three cell lines derived from primary tumors were dependent on this factor for growth. Additionally, all of these cell lines have an amplification of the erbB-2 gene that is overexpressed in the cells. Thus, it seems likely that the culture media used by these groups select for a subset of human breast cancers with a particular set of molecular alterations. Clearly, erbB-2 amplification alone cannot account for this, since the frequency of cell line isolation is significantly lower than the frequency of erbB-2 amplification in breast cancer. Therefore, this single molecular change may be necessary but insufficient to allow growth of HBC cells under growth factor-enriched culture conditions.
The evidence from work in our laboratory is also consistent with the hypothesis that the culture conditions used to isolate HBC cells determine the type of breast cancer cells that are isolated. In a series of experiments using pleural effusion-derived breast cancer cells, we found that omission of several "factors" present in the medium used to culture normal luminal HME cells significantly improved our ability to isolate and grow breast cancer cells. For example, we found that breast cancer cells derived from several patients lost viability when cultured on type I collagen-coated plates and when grown in the presence of cholera toxin. Both of these agents are strong positive enhancers of growth of normal HME cells. In fact, we found that a simplified culture medium consisting of Ham's F-12 supplemented with 5% fetal bovine serum, insulin, and hydrocortisone resulted in the isolation of three immortalized cell lines, two from pleural effusion metastases (50, 54) and one from a primary tumor (manuscript in preparation). In addition, one long-term cell strain was isolated from a metastatic lymph node (55) . Since this culture medium does not contain EGF, the cell lines so far isolated using this approach either have no requirement for exogenous EGF for proliferation or are unable to grow in the presence of EGF. The two pleural effusion-derived breast cancer cell lines (SUM-44PE and SUM-52PE) are both ER-positive and do not express the EGF receptor and thus have no EGF requirement for growth. The SUM-16LN cell line, isolated from a metastatic lymph node, had an amplification of the EGF receptor gene and dramatically overexpressed the receptor, which was constitutively tyrosine phosphorylated. Like most other human cancer cells with amplifications of the EGF receptor gene, these cells were potently growth-inhibited by exogenous EGE The SUM-102PT cell line, derived from a primary tumor, does express EGF receptors and is EGF-responsive in culture, but can grow continuously in the absence of exogenous EGF (manuscript in preparation). Thus, using culture conditions that differ significantly from those described earlier, we have isolated human breast cancer cells from a distinctly different subset of patients. Specifically, none of the cell lines that we isolated have an EGF require-ment for in vitro growth and none of them have an amplified erbB-2 gene. This indicates that different subsets of breast cancers with different genetic alterations regulate proliferation in different ways. Thus, it seems unlikely that a single cell culture system can be used to isolate and culture breast cancer cells from all patients.
In addition to revealing more about the culture requirements for a different subset of human breast cancer cells, the experiments described above provided other insights concerning in vitro growth requirements of human breast cancer cells. First, it is clear from our studies as well as those of others that early-passage HBC cells proliferate in culture with kinetics similar to those in vivo (42, 50, 51) . Thus, these cells proliferate with population doubling times of 100-200 hr or more. The kinetics of HBC cell proliferation that we and others have observed in vitro is completely consistent with kinetic measurements made in vivo (56) (57) (58) . These slow proliferation rates are maintained for many passages in culture and this explains why the emergence of normal HME cells prevents the isolation of HBC cells when growth factor-enriched culture media are used. Normal cells respond exceptionally well to growth factor combinations present in the enriched media, resulting in their rapid proliferation and overgrowth.
A second factor that also distinguishes breast cancer cells from normal HME cells is the density dependence of HBC cells for in vitro growth. Whereas normal HME cells can grow at clonal density in growth factor-enriched media, HBC cells are highly sensitive to changes in cell density. Thus, in our hands, establishment of breast cancer cell lines has required initial plating of breast cancer cells at high density and maintaining that high density by propagating the cells at low split ratios. We have propagated our cell lines by subculturing at 1:3 split ratios every 2 weeks. Subculturing the cells at lower densities results in loss of the proliferative potential of the cells. Interestingly, this cell density dependence can be partially overcome by culturing the cells at low density in the presence of conditioned medium from high-density cultures of the same cells (unpublished observations).
THE ROLE OF PROGRAMMED CELL DEATH IN VITRO IN ESTABLISHMENT OF HBC CELL LINES
As can be seen from the above discussion, improvements in tissue culture methods have resulted in the isolation of several new human breast cancer cell lines that grow under well-defined conditions. However, the overall success rate for isolation of HBC cell lines has not dramatically improved in 20 years. The explanation for this phenomenon may lie in observations made by the early investigators in this field as well as in our own studies with a large number of breast cancer specimens (1, 5) . In our hands, most breast cancer cells fail to proliferate in culture not because they are in a quiescent state, but rather because the cells die within 1 week to 1 month in culture. Preliminary evidence suggests that some HBC cells undergo apoptosis when seeded into tissue culture. This suggests that the cell culture milieu induces a signaling pathway leading to programmed cell death. Furthermore, this appears to be the case even with very aggressive metastatic HBC cells. We observed a startling example of this with a specimen in our laboratory designated SUM-133, derived from a malignant ascites specimen. SUM-133 cells are an aneuploid population that had an S-phase fraction in vivo of nearly 20%. When these cells were placed in culture, they attached well and, at high density, formed nearly confluent patches on the dish. Within 1 week, however, the cells began to lose viability and by I month in culture the plate was essentially devoid of breast cancer cells. We have not been able to reverse this process by addition of exogenous growth factors. However, omission of hydrocortisone from the culture medium results in dramatically enhanced viability of the cells, slow proliferation, and response to growth factors that were ineffective in the presence of the glucocorticoid. This suggests that glucocorticoid-induced pathways leading to programmed cell death are activated in vitro, resulting in a change in phenotype of the cells from an aggressive, rapidly growing population to one that undergoes apoptosis. As we learn more about the various signaling pathways that induce programmed cell death we may obtain a more clear understanding of why HBC cells that proliferate in vivo lose viability when placed in tissue culture. A better understanding of this phenomenon may dramatically improve the success rate for isolation and culture of HBC cells and may have translational potential by suggesting novel ways to induce apoptosis in a highly malignant cell population.
TRANSFORMATION OF HME CELLS

IN VITRO
As mentioned earlier, the development of culture systems that support extended proliferation of HME cells prompted attempts to transform these cells in vitro using carcinogenic agents. It should be pointed out that these in vitro transformation studies were carfled out prior to 1989, and thus before it was known that only nonluminal HME cells proliferated in culture.
One of the most striking results to come from the in vitro transformation experiments concerned the difficulty in inducing transformed phenotypes in these cells. Stampfer and Bartley (59) reported on the influence of benzo(a) pyrene exposure on HME cells growing in culture and found that carcinogen treatment resulted in an extended lifespan of the HME cells, but only very rarely yielded an immortalized cell line. Indeed, the 184 cell line developed by these investigators was the only immortalized HME cell line to emerge from these experiments despite attempts with many HME specimens. In fact, it is striking that in the intervening time period, only two spontaneously immortalized HME cell lines have been established, indicating further how rare this transforming event is (60, 61) . The 184 line developed by Bartley and Stampfer, though immortal, did not exhibit any other phenotypes of neoplastic cells, such as tumorigenicity in immunodeficient mice or growth under anchorageindependent conditions. After the development of the 184 cell line, experiments were carried out aimed at inducing complete neoplastic transformation of these immortalized cells. Interestingly, neoplastic variants were never obtained from the 184 cells by further administration of chemical carcinogens. A variant of the 184 cell line was isolated by culturing the cells in selective medium, resulting in the establishment of a line designated 184A1N4. These cells were used in experiments aimed at transducing and expressing viral oncogenes in the cells in an attempt to induce complete neoplastic transformation. 184AIN4 cells transduced with SV-40 Tantigen or v-Ha-ras genes alone were either nontumorigenic in vivo or only weakly so. However, coexpression of both of these viral oncogenes resulted in cells that were highly tumorigenic in vivo (62) . Thus, complete in vitro transformation of normal HME cells was successfully accomplished by the combined action of two potent viral oncogenes operating in a previously immortalized cell line. The relevance of these results to human breast carcinogenesis is unclear, in that the cells derived from the 184 cell line are not of the luminal lineage. Nevertheless, these studies emphasize the role of multiple genetic alterations in the complete neoplastic transformation of human cells.
SUMMARY
Over the past 30 years over two dozen human breast cancer cell lines have been isolated using different experimental approaches. Experiments performed with these cell lines have resulted in a massive literature that covers virtually every aspect of breast cancer biology. Despite these accomplishments, the fact that HBC cells can be isolated and cultured from only about 10% of both primary and metastatic specimens indicates in a clear way how much we still have to learn about the biology of HBC cells. What has become clear in recent years is that the factors that regulate proliferation of HBC cells in vitro are significantly different from those that control growth of normal HME cells. These findings have important implications for our understanding of the phenotypic effects of genetic changes that occur in known and still to be discovered oncogenes and tumor suppressor genes in HBC. For example, it is known that the MYC, ERBB-2, PRAD-I, P53, BRCA-1, and RB genes are involved in human mammary carcinogenesis, but the phenotypic effects of these genetic changes are still poorly understood. Acquiring a thorough understanding of the phenotypic effects of the genetic alterations that occur during breast cancer progression will require the ability to isolate and study HBC cells in vitro on a routine basis. Thus, the continued development and improvement of in vitro model systems of HBC is critically important if we are to gain a thorough understanding of the biological consequences of oncogene and tumor suppressor gene changes that occur in the course of human mammary carcinogenesis.
